Background and Purpose There is strong evidence to implicate glutamate in the cerebral damage caused by ischemia. In this study we investigated the role of glutamate receptors in mediating effects of middle cerebral artery occlusion (MCAO) on immediate early gene expression in the rat by quantitation of mRNA levels.
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Background and Purpose There is strong evidence to implicate glutamate in the cerebral damage caused by ischemia. In this study we investigated the role of glutamate receptors in mediating effects of middle cerebral artery occlusion (MCAO) on immediate early gene expression in the rat by quantitation of mRNA levels.
Methods The effect of MCAO on the induction of immediate early genes was studied in five regions, both ipsilateral and contralateral to the occlusion: the "core" ischemic area of the cortex in the central region of the middle cerebral artery territory, the surrounding area, frontal cortex, occipital cortex, and hippocampus. Levels of c-fos, c-jun, zif-268, and krox-20 mRNA were measured by Northern and slot blot analysis.
Results A large induction of c-fos mRNA was obtained in all four cortical regions ipsilateral to the occlusion, with the greatest effect detected in the core area. Little effect was T he sequence of events through which ischemia leads to cell death is poorly understood. A number of endogenous components have been implicated in the subsequent neurodegenerative processes, such as glutamate, free radicals, calcium, and polyamines, all of which have been shown to be elevated in association with the ischemic insult. Agents such as glutamate and calcium have established rapid and potent physiological actions that are exaggerated during ischemia, leading to a massive and uncontrolled amplification of their normal effects.
An important component of the physiological action of glutamate that is likely to underlie synaptic potentiation is the regulation of transcription. However, the persistent activation that results from elevated glutamate release after tissue damage in ischemia greatly augments this response, with potentially harmful consequences. The immediate early genes are the most rapidly induced by neuronal injury; they encode for transcription factors, which in turn regulate the expression of a number of target genes or late genes, some of which may contribute to neuronal death or survival . An See Editorial Comment, page 1861 elucidation of the specific pathways that are activated and their mediators is likely to help in identifying deleterious components and hence in the targeting of drugs for the treatment of ischemic damage.
In this study we characterized the extent of induction of three immediate early genes in response to focal ischemia produced by middle cerebral artery occlusion (MCAO). The immediate early genes that were investigated were c-fos, c-jun, and zif-268. We know that c-fos and c-jun proteins work in a coordinated action through the formation of both heterodimers and homodimers in the regulation of other genes. Their induction in response to a number of physiological and experimental stimuli has been characterized, eg, peripheral nerve stimulation, The induction of c-fos mRNA has previously been demonstrated in hippocampus in models of global ischemia in which transient occlusion of carotid arteries is followed by various periods of reperfusion. 1215 In these studies transient c-fos and c-jun mRNA changes are most marked in granule cells of the dentate gyms and occur after 30 minutes, with maximal changes at 1 hour. A later peak of induction was seen in CA1 cells of the hippocampus at 24 to 48 hours. 12 In the present study we concentrated on the use of a focal ischemia model that is more consistently sensitive to glutamate antagonists selective for both A^-methyl-Daspartate (NMDA) 16 and non-NMDA receptors 17 and provides the basis for studying the effect of ischemia alone uncomplicated by the effects of reperfusion. In addition, the emphasis of this study was to quantitate the extent of the effect of ischemia on levels of mRNA by regional slot blot and Northern analysis, which extends earlier studies.
Materials and Methods MCAO
Male Sprague-Dawley rats (weight, 400 to 550 g) were used throughout. After an overnight fast, a total of 14 animals were anesthetized with an injection of sodium pentobarbital (freshly made up in saline) at a dose of 40 mg/kg IP. A tracheostomy was performed, and the left common carotid artery was ligated. The right femoral artery was cannulated for measurement of arterial blood gases, pH, glucose, and blood pressure, and the right femoral vein was cannulated for infusions. Body temperature was monitored by a rectal probe. After baseline values were established for these physiological parameters, the left middle cerebral artery was occluded via a subtemporal craniotomy distal to the lenticulostriate arteries 18 ' 19 with bipolar diathermy forceps to produce mainly cortical ischemia. Four of the animals received MK-801 (3 mg/kg IV) administered 5 minutes before occlusion. After surgery light anesthesia was maintained throughout the experiments (mean±SEM duration, 4.6±0.16 hours; range, 4 to 5.5 hours) with bolus intravenous infusion of pentobarbital, averaging 20 mg/kg per hour. Fluid levels were maintained with a continuous saline infusion of approximately 1 mL/kg per hour IV. Blood gas and pH values were controlled within physiological limits by bicarbonate infusions and alterations in respiratory dead space. Body temperature was maintained with a heat lamp. At the end of the experiments the animals were killed by cervical dislocation, and the brains were rapidly removed.
The following five regions were dissected from each side of the brain, as indicated in Fig 1. The "core" region coincided with the main area of cortical ischemia, as indicated after indian ink perfusion in preliminary experiments, and corresponded to the central territory of the middle cerebral artery. Although histological signs of cortical infarction during the first 4 hours after MCAO are still evolving and variable in size and location, our ink perfusion studies (Y.C.-M., B.S.A., J.S. de B., M.J.G.H., unpublished data, 1993) showed that cortical blood flow was impaired, with vasodilation of penetrating vessels and patchy capillary filling within the core region. The second region was that medially adjacent to the core region, representing an ischemic "penumbra" where anterior cerebral artery and middle cerebral artery territories overlapped. The third, frontal region consisted of principally anterior cerebral artery territory with some middle cerebral border zone, and the occipital region was served mainly by the posterior artery. In addition, the hippocampus was removed. All tissue samples were rapidly frozen in liquid nitrogen and stored at -70°C before extraction.
Extraction and Analysis of mRNA
Total RNA was isolated from tissue samples by acid guanidinium thiocyanate-phenol-chloroform extraction. 20 The resulting RNA was analyzed by Northern blotting and slot blotting, as previously described. 21 Detection of c-fos mRNA on Northern and slot blots was carried out by means of a 1-kb Pst I fragment of p-fos 1 derived from a cDNA sequence coding for v-fos, 22 kindly donated by Dr N. Wilkie. The proto-oncogene c-jun was detected with JAC1, a mouse cDNA (supplied by ATTC). The zif-268 probe was derived from a 900-bp insert in pGEM4 coding for murine zif-268, and the krox-20 probe was derived from a 500-bp insert in pBluescript M13
+ coding for murine krox-20. 23 An 800-bp cDNA fragment of /3-tubulin derived from a human fetal brain library 24 was used as a reference probe.
Northern blot filters were preincubated in hybridization buffer (50% formamide, 5 x SSPE [0.9 mol/L NaCl, 0.05 mol/L sodium phosphate, pH 7. 26 Blots were washed with l x SSC/0.1% SDS for 30 minutes at 65°C, followed by 0.2x SSC/0.1% SDS for 30 minutes at 65°C, and exposed to preflashed Hyperfilm-MP (Amersham International PLC) with intensifying screens at -70°C.
Quantitation of c-fos mRNA c-jun, zif-268, and krox-20 mRNA was carried out relative to /3-tubulin mRNA levels by slot blot analysis as follows. Slot blot filters were hybridized with [ 32 P]cDNA and then washed and autoradiographed as described above. Hybridization was carried out at three dilutions as previously described 21 to confirm the linear relation between densitometric signal and concentration necessary for accurate quantitation. Each slot blot filter was then stripped of labeled probe by washing in 5 mmol/L tris(hydroxymethyl)-aminomethane HC1, pH 8.0, 2 mmol/L EDTA 0.1 x Den- hardt's solution for 2 hours at 65°C, and hybridized with pPJ^-tubulin cDNA as described above, then washed with 3 x SSC/0.1% SDS for 30 minutes at 65°C, followed by 0.5 x SSC/0.1% SDS for 30 
Results

Physiological Parameters
Preocclusion and postocclusion values for arterial parameters and rectal temperature were maintained within physiological limits (Tables 1 and 2 ). There were no significant differences in preocclusion values between control and MK-801-treated animals before treatment. During the period after MCAO, P02 and PCO2 in controls decreased, whereas pH and glucose increased. This may have resulted from a small degree of hyperventilation due to the light levels of pentobarbital anesthesia maintained after surgery. Arterial blood pressure was relatively high in all animals during this time. Pentobarbital has been shown to have partial neuroprotective effects at the doses used in this study, 27 and it was important to reduce such effects as much as possible. The reduction in Pco 2 and increase in pH did not occur in MK-801-treated animals after MCAO, and Po 2 increased. This probably resulted from a small anesthetic effect of MK-801 at 3 mg/kg, which prevented some of the hyperventilation seen in controls. Except for a transient fall in blood pressure immediately after MK-801 infusion in the four treated animals, ranging from 11% to 62% of the predosed value and lasting less than 3 minutes, blood pressure and blood Total RNA (20 ng) was loaded for each region, separated by electrophoresis, and hybridized as described in "Materials and Methods." Note that c-fos mRNA is most evident in the core (C) and penumbra (P) regions ipsilateral to middle cerebral artery occlusion. L indicates left; H, hippocampus; and R, right.
glucose were not significantly different from those of controls.
Effect of MCAO on c-fos mRNA in Cortical Regions Ipsilateral and Contralateral to the Occlusion
Levels of c-fos mRNA are normally low or absent in brain tissue. Permanent unilateral MCAO caused a substantial induction of c-fos mRNA ipsilateral to the occlusion most markedly in the core and penumbra regions, as shown on the Northern blot (Fig 2) . The contralateral hemisphere and hippocampus, both ipsilateral and contralateral to the occlusion, showed little induction of c-fos mRNA.
Quantitation of c-fos mRNA relative to /3-tubulin mRNA was carried out by slot blot hybridization (Fig 3) and showed that a significant increase was obtained in core, penumbra, and occipital regions ipsilateral to the occlusion compared with the contralateral side and with unoperated control levels; the magnitude of the increase in ipsilateral cortex relative to contralateral cortex was 5.5-and 7.7-fold in core and penumbra regions, respectively, and 3-fold in occipital cortex. Changes in the frontal cortex were similar to those obtained in the occipital cortex (data not shown). No change in the hippocampus was detected when comparing the ipsilateral to the contralateral side (Fig 3) .
Effect of MK-801 on c-fos mRNA Induction by MCAO
Pretreatment of animals 5 minutes before occlusion with 3 mg/kg MK-801 caused a substantial attenuation of the level of c-fos mRNA induction in the ipsilateral core, penumbra, and occipital cortex by 73%, 54%, and 84%, respectively, reaching the level of c-fos mRNA in the contralateral cortex, as shown by slot blot hybridization of mRNA (Fig 4) and when quantitated relative to £-tubulin mRNA (Fig 4) . The level of c-fos mRNA in the contralateral cortex and hippocampus was unaffected by treatment with MK-801.
Induction of c-jun and zif-268 mRNA by MCAO
Induction of c-fos mRNA was also accompanied by a significant induction in two other immediate early genes, c-jun and zif-268. The effect on c-jun was mainly restricted to the core area (Fig 5) , where a significant increase of 86% was detected. More marked increases in zif-268 of twofold to fourfold were seen throughout the ipsilateral cerebral cortex. Significant increases in zif-268 mRNA were detected in the core, penumbra, and occipital cortex of 132%, 285%, and 107%, respectively. Levels of zif-268 mRNA in the hippocampus were unaffected. The widespread effect on zif-268 induction in all ipsilateral cortical regions compared with 0-tubulin mRNA is shown in family of immediate early genes, in the core region, but a significant increase of 135% was detected in the penumbra (Fig 5) .
Discussion In this study we have shown that focal ischemia due to permanent MCAO causes a selective ipsilateral induction of immediate early genes, which are dependent on the presence of glutamate receptors, in that this effect can be largely inhibited by pretreatment with the glutamate antagonist MK-801. It is particularly noteworthy that the extent of the induction was greater than that immediately surrounding the ischemic area and extended beyond the middle cerebral artery territory. The surgical procedure to occlude the middle cerebral artery by the method of Tamura et al 18 is quite invasive, and although not reported by previous studies, 28 -29 some induction of c-fos mRNA in the ischemic core area may have resulted from the trauma of craniotomy, exposure of the cortex, and electrocauterization. Immunocytochemical studies have demonstrated the extensive induction of c-fos protein after MCAO, photochemically induced infarction, mechanical trauma, and localized cerebral devascularization, which is widespread and extends throughout the injured hemisphere. 28 -32 As in the present study, this induction has been shown to be sensitive to MK-801, 28 ' 29 -33 - 35 and it has been postulated that the widespread response is due to cortical spreading depression, which also induces c-fos and is sensitive to MK-801. 3 * Furthermore, the incidence of spreading depression after focal ischemia in the rat is also reduced by MK-801. 37 Support for this proposed mechanism comes from the observation that c-fos mRNA induction does not occur in the hippocampus (Fig 2) . As with MK-801, treatment with antisense oligodeoxynucleotides to the NMDA-R, receptor 38 using this MCAO model is also known to significantly reduce the size of the area of infarction. Treatment with MK-801 alone has also been shown to induce c-fos immunoreactivity in neurons in the deep cortical layers and thalamus 39 and also to induce heat-shock protein (HSP) 72 in the posterior cingulate and retrosplenal cortex. 40 However, in this study no clear evidence of such an effect with drug treatment was evident. Although levels of c-fos mRNA in the contralateral core region (nonischemic) were higher in MK-801-treated animals than vehicletreated animals (Fig 4) , this effect did not reach significance and was not evident in other cortical regions. This indicates that the predominant effect of MK-801 in this model is to prevent the induction of c-fos mRNA initiated by ischemia.
Induction of c-fos mRNA has been recorded previously with both temporary and permanent MCAO, 41 ' 42 but in this study we focused on extensive regional quantitation of mRNA to present data on this and other immediate early genes and the effect of MK-801 in permanent MCAO. Confirmation that elevated levels of c-fos mRNA rise from increased rates of transcription rather than a reduced turnover of mRNA comes from recent studies of focal ischemia with reperfusion, in which nuclear run-on assays also demonstrate significant c-fos mRNA induction. 41 The involvement of c-fos and c-jun in the regulation of gene expression in ischemia is also supported from mobility shift assays of DNA binding, which show increased AP-1 (formed from fos and jun dimers) binding activity. 41 It is important to establish whether the changes in gene expression contribute to the toxic effects of the lesion and hence are of a harmful nature or whether they are a parallel mechanism that may be involved in mediating a potentially neuroprotective effect. In this respect Combs et al 43 were able to show that the potentiating effect of hypoglycemia on cell death after transient ischemia in gerbils was associated with a suppression of c-fos mRNA induction, indicating the potential involvement of c-fos in a protective mechanism.
Focal ischemia has also been shown to be associated with an induction of HSP70 mRNA, 42 which, like the induction shown by c-fos mRNA, is quite extensive ipsilateral to the lesion. However, an absolute quantitation of the response was not carried out in this study; rather, semiquantitative analysis was performed from in situ hybridization studies. Immunochemical localization of HSP70 during rat focal ischemia has been shown to occur initially in neurons, followed by microglia and endothelial cells. 4445 Induction of HSP70 mRNA has 47 In addition, a delayed induction of ornithine decarboxylase mRNA has also been shown in these studies, 48 which is maximal at 4 to 8 hours after reperfusion. Effects of cell loss produced by global ischemia have not been consistently shown to be dependent on glutamate-mediated neurotoxicity because they are not abolished by treatment with MK-801. Similarly, the effect of global ischemia on ornithine decarboxylase mRNA induction was not prevented by MK-801 treatment.
Therefore, two mechanisms are likely to be involved in the injury responses to focal and global ischemia. In the case of focal ischemia, a more localized glutamatemediated neurotoxicity is likely to predominate, whereas global ischemia brought about, for example, by bilateral carotid occlusion followed by reperfusion is likely to be dominated by a number of vascular factors, perhaps mediating alterations in free radical release.
After an ischemic insult, the process of neuronal cell death may extend for several hours, and several factors may contribute to this process. During this time, it may be possible to rescue some cells, whereas others may be irreversibly damaged. However, key trigger factors that initiate either a neurodegenerative cascade or potentially neuroprotective mechanisms are likely to rise from the elevated levels of extracellular glutamate and its effect on gene expression described here. The elucidation of these processes is an important goal.
